Proper recognition and repair of DNA damage is critical for the cell to protect its genomic integrity. Laser microirradiation ranging in wavelength from ultraviolet A (UVA) to near-infrared (NIR) can be used to induce damage in a defined region in the cell nucleus, representing an innovative technology to effectively analyze the in vivo DNA double-strand break (DSB) damage recognition process in mammalian cells. However, the damage-inducing characteristics of the different laser systems have not been fully investigated. Here we compare the nanosecond nitrogen 337 nm UVA laser with and without bromodeoxyuridine (BrdU), the nanosecond and picosecond 532 nm green second-harmonic Nd:YAG, and the femtosecond NIR 800 nm Ti:sapphire laser with regard to the type(s) of damage and corresponding cellular responses. Crosslinking damage (without significant nucleotide excision repair factor recruitment) and single-strand breaks (with corresponding repair factor recruitment) were common among all three wavelengths. Interestingly, UVA without BrdU uniquely produced base damage and aberrant DSB responses. Furthermore, the total energy required for the threshold H2AX phosphorylation induction was found to vary between the individual laser systems. The results indicate the involvement of different damage mechanisms dictated by wavelength and pulse duration. The advantages and disadvantages of each system are discussed.
INTRODUCTION
The cellular response to, and subsequent repair of, DNA damage is a critical cellular function that maintains genome integrity. It is not surprising, therefore, that mutations of many genes involved in DNA damage responses are found to cause human disorders and cancers (1) (2) (3) . Different types of DNA damage are recognized and processed by specific cellular response pathways to ensure their efficient repair or, if the damage is too severe, apoptotic elimination of the cell occurs (2) . For example, crosslinking damage, such as thymine dimers, caused by ultraviolet (UV) light is recognized and processed by the nucleotide-excision repair (NER) pathway; base damage caused by abnormal nucleotide modification, such as oxidation, deamination, or methylation, by the base-excision repair (BER) pathway; and DNA double-strand breaks (DSBs) by non-homologous endjoining (NHEJ), homologous recombination (HR), or single-strand annealing (SSA) pathways. Although many of these DNA damage response/repair factors critical for each pathway have been identified, how these individual factors recognize DNA damage and participate in specific repair pathways in vivo are still not fully understood. In vitro assays to recapitulate certain aspects of different repair pathways have been developed, which were valuable in providing mechanistic insight into the repair protein functions [e.g. DNA strand exchange, D-loop formation, DNA end processing activity, DNA end-joining for DSB repair pathways (4) (5) (6) (7) (8) and in vitro base and NER systems (9) (10) (11) ]. However, the development of methods to analyze molecular changes that occur specifically at the damage sites inside the cell was much needed to understand the DNA damage response pathways in vivo.
A major advance in crosslinking damage studies of the NER pathway came from the use of the pore filter that allows the partial exposure of the cell nucleus to UVC, which allowed cytological detection of factor recruitment, its in vivo kinetics and upstream factor requirements (12) . For DSB repair, ionizing radiation-induced focus (IRIF) formation has been and still is widely used as a valuable indicator of factor recruitment and modification at the damage sites. Following ionizing radiation, many factors involved in DSB response/repair form foci, whose colocalization with the DSB marker phosphorylated H2AX (gH2AX) proved the presence of damaged DNA in these foci (13) . However, there are other DSB repair factors that do not form IRIF, such as the factors involved in NHEJ repair. Furthermore, it became apparent that visible IRIF formation involves a protein-clustering step secondary to, and distinct from, the initial damage site recruitment of the protein (14) . To circumvent these problems, two methods are currently available. One is the chromatin immunoprecipitation (ChIP) method to biochemically detect protein accumulation at the damage sites induced by endonucleases that cut only a limited number of sites in the genome (e.g. HO endonuclease used in yeast, and I-SceI and I-PpoI in mammalian cells) (15) (16) (17) . The NHEJ factor Ku, which does not form IRIF, was first detected at the damage sites using this method (18) . With refinement of the induction of these endonucleases, it is now possible to follow the kinetics of damage recognition to a certain extent although an entire cell population, and not a single cell, must be analyzed and antibodies suitable for ChIP must be available for a given factor. It is also interesting to note that the damage processing appears to differ between the IR-and endonuclease-induced DSBs (19) . Thus, the endonuclease-ChIP method is useful but is not without limitations. The second method that complements the shortcomings of IRIF detection and ChIP (but certainly has its own challenges) is the use of a laser microbeam to irradiate a defined submicron region in the cell nucleus allowing single cell analysis of DNA damage recognition/response.
Bonner's group was the first to introduce damage in a small area in the nucleus using an ultraviolet A (UVA) laser in combination with bromodeoxyuridine (BrdU), which made it possible to cytologically analyze both protein accumulation and posttranslational modification(s) at the damage sites in tissue culture cells (13, 20) . This was based on the previous finding that low-dose UVA, which by itself is not absorbed by DNA, can cause DNA breaks when DNA is pre-sensitized with halogenated nucleotide analogs such as BrdU (21) . In fact, gH2AX as DSB marker was defined by this method, which in turn allowed researchers in the field to use gH2AX-positive IRIF as DSB markers (20, 22 (14, 20, 29, 30) to study the in vivo DSB response. In addition, some laboratories have used green (532 nm) and near-infrared (NIR 800 nm) lasers, which do not require any DNA sensitization (31) (32) (33) (34) (35) (36) (37) . Although all these systems have been useful in the studies of DSB damage recognition by various factors, it became apparent that contradictory results can be obtained using different laser systems (see below).
We previously utilized a nanosecond (ns) pulsed green laser to induce damage in the cell nucleus, which enabled for the first time the cytological visualization of the damage site targeting of DSB factors that do not form large IRIF, such as NHEJ factors and the sister chromatid cohesion complex cohesin (38) . Similar NHEJ factor recruitment was reported using a NIR laser (33) . The physiological relevance of these results was supported by the similar results obtained by the endonuclease-ChIP method (16, (39) (40) (41) . However, when an UVA laser was used, these factors were detected only with a higher dose of UVA without DNA sensitization, but not with a low dose UVA with DNA sensitization (25) . It was further found that DAPI staining and the DSB response factor 53BP1 recruitment were compromised with the higher dose UVA condition (25) , while the green laser-induced damage displayed intact DAPI staining and a robust 53BP1 response (38, 42) . These results indicated differences of DNA damage induced by different laser systems and prompted us to perform a parallel comparison of laser systems for their proper use and comparison of their results. Here we describe the analysis of 337 nm UVA (with and without BrdU), 532 nm green with two different pulse durations [ns and picosecond (ps)], and femtosecond (fs) 800 nm NIR lasers in terms of the types of DNA damage, corresponding factor recruitment and gH2AX threshold parameters. We also compared SSB/DSB factor recruitment and gH2AX threshold energy for a continuous-wave (cw) 405 nm blue laser with and without BrdU. The similarities and unique characteristics of the laser parameters and damage induced by the different laser systems are compared and the different physical mechanisms of damage production are discussed. These studies should provide an important framework for other investigators who use laser-induced damage to study the DNA repair process.
MATERIALS AND METHODS
Laser systems-the nitrogen (N2) nanosecond (ns) 337 nm (UVA) laser
The N 2 laser beam (pulse width: 4 ns, repetition rate: 6 Hz, 337 nm, Spectra physics, Inc., Mountain View, CA), linearly polarized using a polarizer, was relayed to the back aperture of the microscope objective (40Â, NA = 1.3) via the epi-fluorescence port of the Zeiss inverted microscope (Axiovert 135) by use of a 1:1 telescopic lens system. An analyzer was mounted on a motorized rotational stage so as to enable control of pulse energy at the focused spot. For fluorescence imaging, light from a mercury lamp was collimated and coupled to the microscope by use of an external dichroic mirror that reflects the UV laser beam but transmits the visible region of the mercury spectrum. The excitation filter was placed in a filter wheel outside the microscope and the dichroic mirror in the filter cube was used to reflect the fluorescence excitation light, the 337 nm laser beam. This dichroic mirror transmitted the emitted fluorescence as well as the transmitted halogen light through the sample. The emission filter blocked the 337nm laser beam. The transmission of the laser beam power at the object plane for the Zeiss UV transmitting Plan-Neofluar 40Â/1.3 NA objective was measured to be $0.4 using the dual objective method (43) . The laser beam was scanned using a XY-scanning mirror introduced in the beam path before the telescopic lens system so as to create a line pattern across each nucleus. The focused laser-scanned area was estimated by multiplying the length of the line by the width (i.e. diffraction-limited spot size = 1.22 /NA).
Continuous wave (cw) Blue (405 nm) Diode laser
The cw diode laser (405 nm) pre-coupled to the Olympus confocal microscope (FV 1000), was focused via a 60Â (1.2 NA) microscope objective to a diffraction-limited spot size. The power of the laser beam (at the sample plane) was kept at 1.87 mW at the highest (100%) possible throughput. The laser beam was repeatedly scanned at a scanning rate of 40 ms/pixel so as to create a line pattern inside the nucleus. A total power of 1500 nW was used in 1 line scan (20 pixels).
Nd: YAG ns 532 nm (green) laser
The ns Nd: YAG laser (532 nm, repetition rate: 10 Hz, 6 ns; Quantronix-Continuum Lasers, La Mesa, CA) beam was expanded and coupled to the side port of an inverted microscope (Olympus) via mirrors. The beam was focused via a 100Â (1.3 NA) microscope objective to a diffraction-limited spot size. The energy of the laser pulse (at the sample plane) was controlled via a change in the current of the pumping source and/or by use of neutral density filters. A green cut-off filter was used to block the 532 nm laser beam from reaching the CCD camera. The sample stage was repeatedly scanned for 2 min with the scanning rate of $10 mm/s so as to create a line pattern inside the nucleus.
Nd: YVO 4 picosecond (ps) 532 nm (green) laser
The ps Nd: YVO 4 laser (532 nm, repetition rate: 76 MHz, 12 ps; Vanguard Laser System, Spectra-Physics, Inc., Mountain View, CA) was expanded and relayed to the back aperture of the microscope objective (the Zeiss Plan-Apochromat, 63Â, NA = 1.4) via the epi-fluorescence port of the Zeiss inverted microscope (Axiovert 200). The transmission factor of this objective was measured to be 0.68 using the dual objective method (43) . The pulse energy at the focused spot was controlled by the orientation of the Glan-Thompson polarizer (mounted on a motorized rotational stage). The exposure time at a focused spot was controlled by use of a computercontrolled mechanical shutter (Uniblitz). The scanning pattern in the nucleus was generated by the scanning mirror, controlled by in-house developed software on a LabView platform and National Instrument's data acquisition and control board. A green cut-off filter was used to block the 532 nm laser beam from reaching the CCD camera.
Ti: sapphire femtosecond (fs) 800 nm [near infrared (NIR)] laser
The NIR Ti: sapphire laser ($200 fs, 800 nm, repetition rate: 76 MHz, Coherent Inc., Santa Clara, CA) beam was expanded and coupled to the side port of a Zeiss inverted microscope (Axiovert 200M) via use of mirrors. A XY-scanning mirror was introduced in the beam path to enable scanning of the beam. The fs beam was focused via a 63Â (1.4 NA) microscope objective to a diffractionlimited spot. For 800 nm, the transmission factor of the Zeiss Plan-Apochromat 63Â/1.4 NA objective was measured to be 0.6, using the dual objective method. The pulse energy at the focused spot was varied by a control on the orientation of the Glan-Thompson polarizer (mounted on a motorized rotational stage). The scanning mirror was controlled by in-house developed software on a LabView platform to create a line pattern across the nucleus. The exposure time at a focused spot (i.e. the number of femtosecond pulses at a focused spot) was controlled by use of a computer-controlled mechanical shutter (Uniblitz).
Laser energy/power measurement
The laser pulse energy (or power) at the object focal plane was determined by measuring the input energy at the back aperture of the objective multiplied by the transmission factor of the objective at that particular wavelength. For the green ps, ns and UV lasers, beam power at the back aperture of the objective was monitored with a power meter/detector (Model S 120 UV, Thorlabs, USA). For the fs NIR laser, a PowerMax power meter (Model PM3, Coherent, USA) was used. In cases where the size of the beam was larger than that of the back aperture of the objective, an aperture (with a diameter the same as that of the microscope objective back aperture) was placed before the detector for power measurement.
Antibodies
Mouse antibodies specific for pyrimidine-pyrimidone (6-4) photoproducts (6-4PP) and Cyclobutane pyrimidine dimer (CPD) (Kamiya Biomedical), 8-oxoguanine (8-oxoG) (Trevigen, Inc.), PARP-1 (Biomol Research Laboratories Inc.), XRCC1 and FEN1 (Gene Tex, Inc.), Ku70
(Novus Biologicals), gH2AX (Upstate, Charlottesville, VA), and phosphor-SMC1 (S957P) (kindly provided by Dr Michael Kastan) were used. Rabbit antibody specific for 53BP1 (Santa Cruz Biotechnology, Inc.) and goat antibody specific for SA2 (Bethyl Laboratories, Inc.) were also used. Donkey antimouse IgG and anti-goat IgG conjugated with AlexaFlour 488 and goat anti-rabbit IgG conjugated with AlexaFlour 546 were from Molecular Probes (Invitrogen). Cy3 conjugated goat anti-rabbit IgG was from Jackson ImmunoResearch Laboratories (West Grove, PA).
Cell culture and fixation
HeLa cells were cultured and synchronized as previously described (32) . The cells were washed with phosphatebuffered saline (PBS), fixed for 10 min with 4% paraformaldehyde on ice, permeabilized with CSK buffer (10 mM Pipes, pH 7.0, 100 mM NaCl, 300 mM sucrose, and 3 mM MgCl2), 0.5% Triton X-100 for 5 min at 48C. For PCNA staining, cells were fixed with methanol at À208C. For CPD, 6-4PP and 8-oxoG staining, following permeabilization, the coverslips were incubated in 2 N HCl for 10 min at 378C to denature DNA, with three subsequent washes with PBS.
Immunofluorescent staining and image analysis
The staining procedure was described previously (32) . Fluorescent images were captured through a 100Â Ph3 UPlanFI oil objective (NA 1.3; Olympus) on a microscope (Model IX81; Olympus) with a CCD camera. The experiments were repeated at least three times and each time six to seven cells were examined, which showed consistent results. Furthermore, damaged cells were fixed at different time points [from immediate (2-5 min) to 1 h post irradiation] to ensure that the different results in factor recruitment were not due to different kinetics of recruitment (data not shown). Initially, cell cycle specificity was determined using G1 and S/G2 phase cells (32,38) (data not shown). Since cohesin recruitment is S/G2-specific (32), cohesin staining was performed in the cells synchronized and damaged at S/G2 phase. Recruitment of NER, BER/ SSB factors, Ku, and phosphorylation of SMC1 are not cell cycle-restricted, and the experiments were performed in asynchronous cells (38, (44) (45) (46) . S phase synchronization was done by double-thymidine block as previously described (47) . G1 phase cells were individually identified by following the mitotic cells as described (38, 42) .
RESULTS

Different degrees of UV damage are induced by different lasers
Previously, we used the ns green laser to induce damage in the nucleus and confirmed the recruitment of DSB repair factors, such as the Mre11 complex containing Rad50 and Nbs1, as well as ATM, Ku, BRCA1, PARP1 and gH2AX (32, 38) . In order to test whether other types of DNA damage are also induced resulting in activation of corresponding repair pathways, damaged cells were stained with antibodies specific for thymine dimers (UV damage), specifically CPD and 6-4PP ( Figure 1 ). The results of the ns green laser system were compared to other lasers, including ns UVA [high-dose relative to the dose required for DSB induction in the presence of BrdU (see Table 1 )] without sensitization, fs NIR, and ps green laser systems. The results indicate that ns UVA, ps green, and fs NIR induced both CPD and 6-4PP while ns green generated some CPD, but very little 6-4PP ( Figure 1 ). However, we failed to detect any significant recruitment of NER factors, such as XPC, at green (both ns and ps) and NIR-induced damage sites (data not shown).
SSBs are induced by different lasers, but base damage is induced only by high-dose UVA Factors involved in single-strand break (SSB) repair are recruited to the damage sites immediately following damage induction. Those include PARP-1, XRCC1, and FEN-1 ( Figure 2 ). Similar results were reported previously with 365 nm ns UVA (XRCC1, PARP-1, and PCNA), green (PARP-1) and 750 nm fs NIR (PCNA) (32, 35, 48) . Taken together, the results indicate that the process of SSB repair can be studied using ns UVA, ps and ns green, and fs NIR lasers. It should be noted, however, that no significant recruitment of these SSB repair factors were detected at the damage sites induced by the low-dose cw 405 nm laser with BrdU sensitization (Supplementary Figure S2 ).
Since the factors described above are also involved in BER, we tested for the presence of base damage in cells damaged by the three different lasers. Interestingly, base damage as represented by 8-oxoG was observed only with high-dose UVA, but not with either the green (both ns and ps) or NIR lasers ( Figure 1 ). Consistent with the presence of base damage, GFP-tagged DNA glycosylases NTH and NEIL2 were recruited to the damage sites, suggesting that base damage generated by the UVA laser is properly recognized (Supplementary Figure 1) . The presence of 8-oxoG and DNA glycosylases at the damage sites was also observed previously with a 365 nm UVA laser (48) . Therefore, the results indicate that the UVA laser is uniquely suited to study BER pathways in vivo.
The green and NIR lasers are suitable for the detection of DSB factors that do not form IRIF In a previous report, the low-dose UVA laser system, which requires pre-sensitization of DNA with halogenated nucleotide analogs such as BrdU, failed to produce damage that allows visualization of NHEJ factor recruitment, such as Ku (25) . Using the low-dose UVA (0.04 mJ/ pulse) laser system with BrdU, Ku recruitment was somewhat diffuse but faintly detectable, and no significant Ku signal was detected at the low-dose cw blue laser system with BrdU ( Figure 3A ). This is in contrast to the highly localized accumulation of Ku at the damage sites using the high-dose (0.27 mJ/pulse) UVA without sensitization, the 532 nm, or the NIR laser systems ( Figure 3A ) (25, 32, 33, 37, 38) . NuMA, an abundant nuclear factor, failed to cluster to the damage sites, further supporting the specificity of the observed repair factor recruitment (Supplementary Figure S3) . Although high-dose UVA was reported to cause impaired assembly of 53BP1 (25), we found that the high-dose UVA (without BrdU), green and NIR lasers all induced clear recruitment of 53BP1 to the damage sites ( Figure 3B ). Thus, depending on slight differences in the conditions, the same UVA laser can induce strong or impaired 53BP1 recruitment.
This emphasizes the need to clearly define the laser parameters employed.
Using the ns green laser, we previously reported the specific recruitment of cohesin to the damage sites, which was later confirmed by ChIP analysis of endonuclease-induced DSB sites (16, 32, 40, 41) . Interestingly, although cohesin recruitment was observed with all four laser systems (UVA without BrdU, ns and ps green, and fs NIR), phosphorylation of hSMC1 is impaired at the damage sites induced by high-dose UVA, but not by green and NIR lasers ( Figure 3B ). The impairment of hSMC1 phosphorylation with the high-dose UVA laser, but not with the green and NIR lasers, suggests that damage induced by high-dose UVA is distinct from damage induced by green and NIR. This is also consistent with the fact that UVA, but not green or NIR, uniquely induces base damage (Figure 1 ). Taken together with previous results by us and others (25, 32, 33, 38) , green and NIR lasers are equally suitable for cytological observation of the recruitment of factors that do not form typical IRIF, while UVA without sensitization appears to cause aberrant DSB responses.
Comparison of cH2AX threshold parameters
To further compare the efficiency of DSB induction, specific parameters and threshold energies necessary for the induction of gH2AX as a function of DSB generation were determined (Table 1) . While threshold energy per pulse (0.04 mJ) required for induction of gH2AX is comparable between UVA without BrdU and ns green, the required energy per pulse was much less with NIR and ps green ($0.4 nJ and 0.044 nJ, respectively). This difference was mitigated by a significantly higher number of pulses per focal spot exposure for the NIR and ps green systems (760 000 pulses per focal spot exposure for NIR and 2.28 million pulses per focal spot exposure for ps green) as opposed to 1 pulse and 85 pulses per focal spot exposure required to induce gH2AX by UVA and ns green, respectively. The requirement for more pulses of the ns green laser compared to UVA may be in part due to the lower peak irradiance of ns green compared to UVA ( Table 1) . The total threshold energy per focused laser-scanned area delivered to induce gH2AX was significantly higher with NIR and ps green ($5000 and 3000 times higher than UVA alone, respectively), whereas ns green was about 50 times higher than UVA alone. In the presence of BrdU, ten-fold less energy was required to induce gH2AX compared to UVA alone, indicating the high efficiency of DSB induction by pre-sensitization of DNA. Similarly, the threshold power to induce gH2AX for cw blue (405 nm) in the presence of BrdU was 375 nW/pixel (five scans of 75 nW/pixel at a power density of 0.56 Â 10 W/cm 2 ), similar to the pulsed UVA irradiation, while a 10-fold higher power (3750 nW/pixel) was required to induce gH2AX without BrdU sensitization. However, gH2AX, which can spread to neighboring chromatin regions, may not necessarily be proportional to the number of DSBs induced. The weaker recruitment of Ku and cohesin with low UVA/BrdU and low cw blue/ BrdU ( Figure 3A ) (25) indicates that the number of DSBs induced by UVA with DNA pre-sensitization is significantly lower than that seen with UVA alone, ns and ps green, and NIR.
Since the peak irradiance depends on the amount of energy in the pulse duration, the relative contribution of the various physical mechanisms underlying the induction of (and type of) DNA damage are also expected to depend on the pulse duration in addition to the wavelength. Consistent with this notion, an $60-fold higher dose (total energy delivered) was required to elicit a threshold gH2AX signal with ps green compared to ns green, indicating that the pulse duration affects the efficiency (amount of DSB per total energy) of DSB induction (Table 1) . This raises the possibility that the mechanism of damage induction may be different between ns and ps green lasers (see 'Discussion' section).
Taken together, the results reveal that the efficiency of DSB induction is significantly different between different laser systems, indicative of different mechanisms by which damage is induced.
Comparison of laser systems
We next compared the actual parameters used for our studies and others reported in the literature (Table 2) . Our UVA system is comparable to the condition used by Lan et al. for their 365 nm UVA laser that had similar pulse width, repetition rate, focused spot size and peak irradiance ( (49) . However, the transmission of the UV transmitting Zeiss Plan-Neofluar 63Â/1.25 numerical aperture objective was described as 0.1 in their report, which is in contrast to $0.4 measured for the Zeiss UV transmitting Plan-Neofluar 40Â/1.3 NA objective using the dualobjective method (43) in our system. This discrepancy may have led to significant under-estimation of the dosimetric values reported in their study (49) . For IdU or BrdU sensitized cells, Lukas et al. (23, 25) used the similar 337 nm wavelength UVA but required $3-4-fold higher total energy and energy per pulse than ours (Table 2 ; [1] and [3] ). This may be because of the larger focused spot size which led to lower peak irradiance in their system. The large spot size is due not only to their use of a low NA objective, but is also due to the non-Gaussian profile of the UVA laser beam in their PALM microdissection system (23) . The actual spot size in the equivalent system was measured to be $4.2 mm (50), which is six times larger than the diffraction limited spot size. In contrast, nearly diffraction limited spot size (as measured by lesion created on an air-dried red blood cell) was achieved in our system using spatial frequency filtering of the laser beam by use of a pinhole placed in the beam path ( Table 2; [1] and [5] ). Induction of damage by sensitization with DNA-binding dyes, such as Hoechst, utilized a dye laser that was pumped with a N2 laser to yield a UVA wavelength of 390 nm ( Table 2; [4]) (13, 29) . In this case, the laser pulse energy per dose was significantly higher than those used with our 337 nm UVA system with BrdU (Table 2; [2]).
Our cw 405 nm blue laser system and irradiation conditions (Table 1 ) are comparable to a previous study by Lan et al. (51) . While the study by Lan et al. required 100 scans (1600 nW/scan) to produce double-strand breaks (detected by an antibody against gH2AX), our threshold was 50 scans (1500 nW/scan) with a power density of 0.56 Â 10 2 W/cm 2 which is much smaller than that of the peak power densities used for UVA, green and NIR (Table 2 ). However, it may be noted that the average power used for ns UVA laser is 0.24 mW (0.04 mJ Â 6Hz), which is much smaller than that of the 405 nm laser (1.87 mW). The threshold for gH2AX detection was found to be lower (30-40 scans) if cells were fixed and examined at a later time point (1 h post-irradiation). BrdU pre-treatment led to a significantly reduced threshold (five scans of 75 nW/pixel) by the 405 nm laser, which is similar to that used by Lan et al. (10 scans) . The difference between our threshold and that of Lan et al. may be attributed to differences in the fluorescence detectors and parameters (such as gain, sensitivity, exposure time, excitation intensity, etc.) though a similar laser microscope system was used for irradiation.
Mikhailov et al. also used the ns green laser with the pulse width, repetition rate, pulse energy and focusing optics similar to ours (34) . Their study had almost the same irradiance (Table 2 ; [7] and [8] ) but less number of pulses (10) per spot to create DNA damage. Therefore, the range of laser energy doses for creating DNA damage by the ns green laser can vary from 50-400 mJ depending on the irradiation mode (e.g. rate of scanning of the stage).
The peak irradiance for our NIR laser (Table 2 ; [11] ) is the highest of all the lasers used. The number of pulses per spot (760 000) and the total energy dose utilized in our system are higher than those used by Mari et al. (33) ( Table 2 ; [10] ). In our protocol, the laser beam was on for a 10 ms macropulse (which contained 760 000 200 fs micropulses) and then moved to the next position by a scanning mirror with a delay of $100 ms and then switched on again for 10 ms. In contrast, Mari et al. continuously scanned the region of interest with a laser that In the case of our system a significant opportunity for photothermal relaxation exists in between each macropulse that was not present in the study conducted by Mari et al. This may account for the dosimetry differences observed between our study and theirs.
DISCUSSION
Our studies reveal that generation of different degrees of DSB, SSB, crosslinking, and base damage are dictated by different wavelengths, laser energies, pulse frequencies and durations and irradiances, indicating the involvement of different damage mechanisms.
UV crosslinking damage
All three wavelengths induce CPD to a certain extent, but 6-4PP was only seen with the UVA, NIR, and ps green lasers. Surprisingly, the ns green laser, having similar peak irradiance, did not induce detectable 6-4PP. This suggests that cumulative effects (due to high repetition rate) are required for 6-4PP production in the case of the green laser beam. Recently, a similar study assaying both CPD and 6-4PP was performed comparing low-dose UVA (continuous and not pulsed 405 nm diode laser) with Hoechst, fs NIR and UVC (37) . Although recombinant NER factors fused to GFP (i.e. GFP-XPC and GFP-XPA) were shown to be detectable at the damage sites induced by the first two lasers, the recruitment was less efficient compared to the UVC laser-induced damage (37) . Very little recruitment of endogenous XPC was detected under our conditions ( (48) . Taken together, the results indicate that unlike the conventional UVC-induced damage, no efficient activation of the NER pathway is associated with damage induced by ns UVA, ns and ps green, and fs NIR despite the presence of detectable crosslinking damage. This may be because the amount of, or possibly the quality of, UV damage induced by these lasers is insufficient to trigger a significant NER repair response compared to the highly effective induction of SSB and DSB responses.
Base damage induction by the UVA laser
Free radicals and reactive oxygen species (ROS) can be formed by various photochemical processes via linear or two-photon absorption. It was shown previously that oxidative DNA base modifications are induced in the wavelength range between 290-470 nm (52) . While direct DNA absorption occurs in the UVB range (290-315 nm), an indirect mechanism involving endogenous photosensitizers was suggested for the higher wavelengths (52) . Importantly, the induction of base damage appears to drastically decrease above 470 nm (52) . This is consistent with our observation that significant base damage is induced by UVA, but not by green or NIR lasers. Efficient recruitment of DNA glycosylases further support the notion that base damage induced by UVA is properly recognized by its processing enzymes for subsequent BER/SSB repair. Importantly, the results indicate that induction of a significant amount of base damage and abnormal DSB responses by UVA (Figures 1 and 3 ) (25) is wavelength-specific and cannot be attributed simply to the laser dose (i.e. energy delivered).
Detection of non-IRIF forming DSB factors using green and NIR lasers Ku recruitment to the damage sites is more clearly detectable with the high-dose UVA, green and NIR lasers than with low-dose UVA with BrdU. This can be explained by the differences in the density of DSBs induced by low-dose UVA with BrdU versus others. In the former case, the occurrence of DSBs depends on the efficiency of the incorporation of the sensitizing agents into both strands of DNA in close proximity (otherwise resulting in SSBs). In contrast, Ku recruitment was clearly observed using continuous wave (cw) UVA (405 nm) irradiation in Hoechststained cells (37) . Hoechst non-specifically binds to the minor groove of DNA and may induce higher number of DSBs in the irradiated area. Despite the large number of DSBs that efficiently recruit Ku, however, we failed to detect any measurable DSBs by the in situ comet assay (53) following ns green laser damage induction, suggesting that damage is clustered to such a small area, without scattering, that it is below the detection sensitivity of the assay (data not shown). The cell viability and normal checkpoint responses in these cells also indicate that highly clustered DSBs, despite the large number, appear to have a less deleterious effect than widely scattered damage. Thus, the biological effect of radiation dose and the number of DSBs are not necessarily comparable between laser microirradiation and conventional nucleuswide ionizing radiation. Studies by us and others using the ns green and NIR lasers demonstrated that the factors involved in HR repair, such as Rad51, RPA and Rad54, are recruited to the damage sites even in the G1 phase of the cell cycle (37, 38) . This is in contrast to clear S/G2-specific accumulation of Rad51 and RPA reported with low-dose UVA with BrdU, which is more similar to the conventional IRIF formation following ionizing radiation (24, 25) . This can also be explained by the different densities of DSBs at the irradiated regions. It is possible that a high concentration of DSBs induced by green and NIR lasers results in the strong initial recruitment that may negate the necessity to form IRIF, which is secondary to the initial recruitment and requires distinct steps and factors (14) . Therefore, low-dose UVA with sensitization is suitable for the analysis of cell cycle-specific IRIF formation but not for detection of non-IRIF forming factors. In contrast, the green and NIR lasers are better suited for detection of the initial recruitment of DSB factors regardless of IRIF formation, but may not be useful for studying the canonical IRIF response.
Physical alteration mechanisms
In general, four potential mechanisms for the production of damage to the target structure can be considered: (i) temperature rise produced by linear or two-photon absorption; (ii) generation of large thermo-elastic stresses; (iii) various photochemical processes by linear or twophoton absorption including crosslinking damage and production of free radicals and ROS; and (iv) optical breakdown (plasma formation) produced by a combination of multiphoton and cascade ionization processes, leading to thermal, mechanical and chemical damage (Figure 4 ).
Temperature rise produced by linear or two-photon absorption. For a particular wavelength and incident radiant exposure (I 0 ), the temperature rise produced by linear absorption can be calculated by a knowledge of absorption coefficient (m a ) at the laser wavelength (), density (r) and specific heat (c) of the chromosome using the expression ÁT = m a I 0 /rc. For example, using the measured absorbance values (54) at 337 nm, m a of chromosome is estimated to be $184/cm, r is $0.38 g/cm 3 (55) and c is estimated as $1.5 J/g K (56). Therefore, the threshold radiant exposure (51 J/cm 2 for 0.04 mJ energy/pulse) will lead to a transient temperature rise of $16 463 K by a single 4 ns pulse of UV laser beam (337 nm). This can lead to breakage of bonds and thermal denaturation of DNA, which is found to occur at temperatures higher than 340 K (57) . Since the absorption coefficient of BrdU stained chromosomes will be much higher at 337 nm, lower energy per pulse is sufficient to generate a similar transient temperature rise. However, it is important to note that the temperature rise is proportional to the incident radiant exposure and if the spot size at the sample plane is not exactly diffraction limited (as is the case for the nitrogen UVA lasers with non-Gaussian profile), the incident radiant exposure and therefore actual temperature rise can be an order of magnitude smaller. Furthermore, this high temperature will be dissipated over time and space. Thermal diffusion time gives a measure of the confinement of the temperature. For our UVA laser microbeam parameters ( = 337 nm, NA = 1.3), the thermal diffusion time (T d ) was calculated to be $50 ns, using the formula:
Where, thermal diffusivity of water () is taken to be 1.4 Â 10 À7 m 2 /s (58). Since the pulse width of the laser beam (4 ns) is much less than the theoretically calculated thermal diffusion time, photo-thermal confinement of the nanosecond UVA laser occurs. The same is true for all of the other pulsed laser beams used in this study, namely ns green, ps green and fs NIR. However, this temperature rise decays inside the chromosome at the center of the focused spot without affecting neighboring regions.
The time-dependent temperature change, after absorption of a pulse by a chromosome (assumed as a thin slab of thickness d) can be approximated by
For a 1 mm thick chromosome, only 0.001% of initial temperature-rise (16 463 K) produced by a 4 ns UVA pulse, i.e. 0.16 K will be retained before the delivery of the second pulse (at 6 Hz). This is insignificant for any cumulative temperature rise by the ns UVA laser, especially due to the fact that only one pulse/ spot was delivered. This will also hold true for the ns green laser beam operating at 10 Hz. However, the cumulative effects can be important for the high repetition rate (76 MHz) laser beams (ps green and fs NIR). In these cases, cumulative temperature rise may be produced by subsequent pulses, i.e. it is possible that the initial laser pulse alters the absorption properties of the target so that subsequent pulses result in an increase in single photon as well as two-photon absorption leading to subsequent damage to the DNA material. However, evolution of the temperature distribution below optical breakdown threshold (58) shows that only moderate heat accumulation occurs during cell surgery using a high repetition rate (76 MHz) NIR fs laser beam focused by a high NA microscope objective. Calculations based on the given parameters indicate that temperature rise due to single-photon absorption at 337 nm with thermal confinement is dominant for the ns UVA laser with or Based on the gH2AX-threshold and working laser parameters (e.g. wavelength, pulse duration and frequency, peak irradiance and total input energy), the most likely mechanisms of damage induction by UVA, UVA with BrdU, cw blue, cw blue with BrdU, ns and ps green, and fs NIR are indicated. Although the thermal effect is most likely an important mechanism of damage induction, it is highly restricted temporally and spatially, and is dispersed instantaneously, and therefore any heat-inflicted damage outside of the focused area or any temperature rise in the cell is not expected to occur under the conditions used. Further study is necessary to delineate which mechanisms and/or combination of mechanisms impact each of the laser and biological systems discussed.
without sensitization. Similarly, temperature rise due to two-photon absorption at 532 nm with thermal confinement contributes to the ns and ps green laser induced DNA damage (Figure 4) .
Generation of large thermo-elastic stresses. Generation of large thermo-elastic stresses by the pulsed laser microbeams can lead to damage to the DNA. Even though the temperature rises due to the ps green and fs NIR lasers are small, the ultra short nature of the pulses may lead to thermo-elastic stresses. The stress relaxation factor (t m ), is defined as the ratio of the laser pulse duration (t p ) to the time necessary for the stress wave to travel through the heated structure (thickness/speed of sound, i.e. d/c a ), provides a measure of the significance of thermoelastic stress (t m = t p c a /d). Thus, t m is calculated to be 10.4 (ns UVA), 15.6 (ns green), 0.0312 (ps green) and 0.0005 (fs NIR), using c a of 2600 m/s (59) . A value of t m < 1 implies that the laser pulse duration is shorter than the time required for dissipation of thermal stress. Therefore, while thermo-elastic stress would not be very high for the ns UVA and ns green laser, the stress is confined to the focused spot and therefore its magnitudes can be large for ps green and fs NIR laser. However, thermo-elastic tensile stress of only $0.014 MPa is estimated to be produced by an individual fs pulse (58) , which is too small to cause the DNA damage observed in our study. Furthermore, the threshold irradiance required for thermo-elastic stress confinement for the NIR fs beam has been estimated to be $5.0 Â 10 12 W/cm 2 (58), which is five times higher than our threshold (Table 1) and working parameters (Table 2) . Thus, for the ns UVA and ns green laser, no stress accumulation leading to DNA damage will occur. For the ps green and fs NIR laser, in spite of satisfaction of the stress confinement criterion, thermo-elastic stresses generated may not be sufficient for induction of DNA damage.
Photochemical processes by linear or two-photon absorption leading to oxidative and crosslinking damage. Free radicals and ROS can be formed by various photochemical processes via linear or two-photon absorption. While UVC and UVB induce damage by direct excitation of DNA, visible light is known to induce one-photon damage indirectly via photochemical reactions in endogenous photosensitizers (60) . Furthermore, the 532 nm green ns and ps lasers can produce UV (266 nm) effects by twophoton absorption (61) . Similarly, DNA damage using the fs NIR is likely facilitated via nonlinear absorption by DNA through a lower (two or three)-order multiphoton process (35) . In fact, the threshold irradiance for our NIR fs beam was higher than the required threshold for photochemical damage previously estimated (i.e. $0.26 Â 10 12 W/cm 2 ) (58). However, since the multiphoton cross-section of cellular chromophores is significantly lower than the cross-section for single-photon excitation (62) , the probability of direct photochemical changes by the UVA laser leading to DNA damage is much higher as compared to the green and NIR wavelengths. This is consistent with the lack of base damage induction by green and NIR lasers.
Optical breakdown (plasma formation) leading to thermal, mechanical and chemical damage. Though a three-photon interaction by the NIR fs beam can provide the energy required for excitation (and subsequent DNA damage), the irradiance required for damage will also generate a low-density plasma (free-electrons) which may cause DNA damage. Furthermore, thermal, and mechanical processes can evolve from plasma formation (Figure 4) . These may be a combination of multiphoton and cascade ionization processes (58) . The threshold irradiance required for low-density plasma formation (also referred to as 'optical breakdown') for the NIR fs beam has been estimated to be $6.0 Â 10 12 W/cm 2 (58), which is much higher than both the threshold (Table 1 ) and working ( Table 2 ) parameters used in our studies. The free-electrons generated in the focal volume by plasma formation can induce chemical changes in the micro-irradiated region. Since $10 6 free electrons/pulse are generated (58) in the focal volume at the irradiance that causes 11.88C/ pulse (i.e. peak temperature of 1008C after a series of pulses), free-electron induced chemical changes will dominate any thermal denaturation process of biomolecules such as DNA and/or proteins. Since the required threshold for thermo-elastic stress confinement and/or optical breakdown has been determined to be an order of magnitude higher (58), the primary mechanism of damage by the fs NIR laser in our studies is postulated to be photochemical in nature, where free electrons (low-level plasma) participate in chemical decomposition (bond breaking) along with multi-photon induced chemistry. Indeed, Boudaı¨ffa et al. showed that in contrast to high energy photons, very low energy electron irradiation can induce substantial damage in DNA (SSBs and DSBs) by resonant formation of DNA strand breaking even at electron energies well below the ionization limit of DNA (7.5-10 eV) (63) . Thus, for the ps green and fs NIR lasers, there is growing evidence that low-density plasmas can be reliably produced at pulse energies below plasma threshold by multiphoton ionization and therefore photo-damage often involves higher-order photochemical effects or even ionization. Therefore, the irradiance dependence of the observed DNA-damage by the ps green and fs NIR lasers is expected to be of greater slope than that of multiphoton excitation as observed for other photodamage events (64) .
For the shorter laser wavelengths (337 nm UVA and both ns and ps 532 nm green) the free-electron density changes slowly with irradiance and therefore, identification of irradiance range for chemical, thermal, and mechanical effects is easier than for NIR wavelengths. Furthermore, these shorter wavelengths provide better spatial resolution (spot size) than the NIR wavelengths ( Table 2 ). The threshold for optical breakdown for the ns green laser is $0.8 Â 10 11 W/cm 2 (65), which is higher than our threshold (Table 1) and working (Table 2) values. Similarly, for the ps green laser, the threshold for optical breakdown is $0.6 Â 10 12 W/cm 2 (58), which is higher than our threshold and working values. Although the plasma threshold irradiance values are an order of magnitude higher than those used to damage the DNA in this study, the observed DSBs may still be caused by the plasmas for the following reasons. First, the threshold irradiance decreases significantly with increase in NA. Second, the presence of linear absorption (at least for the UVA and green wavelengths) can reduce the threshold irradiance (measured for transparent media) for plasma formation by an order of magnitude (66) .
Taken together, based on the laser parameters used, we predict that the prominent mechanism(s) affecting the DNA are (i) for the ns UVA laser: single photon absorption leading to temperature rise and chemical changes, (ii) for the cw 405 nm laser: single photon absorption leading to chemical changes, (iii) for the ns green laser: two-photon absorption leading to thermal and chemical changes, (iv) for the ps green laser: cumulative two-photon absorption effects leading to chemical changes and (v) for the fs NIR laser, photochemical processes emanating from multi-photon processes and low-level plasma formation (Figure 4) . It would also be interesting to closely compare the kinetics of each factor's recruitment to see if they are differentially affected by the various damage mechanisms.
In conclusion, our studies revealed varying degrees of DSB, SSB, UV, and base damage generated by UVA with and without BrdU, ns and ps green and NIR lasers. The most efficient DNA damage effects are observed for UVA irradiation in terms of the total energy required for the threshold gH2AX, which are even better with BrdU sensitization since BrdU has an absorption maximum near the laser wavelength used (337 nm). However, careful measurement and comparison of laser parameters indicate the involvement of distinct mechanisms of damage which are dictated by different wavelengths, laser energies, pulse frequency and durations, and irradiances. In order to compare multiple studies, it is imperative that investigators fully describe the laser parameters and the methods used. These are often missing from published papers. Although some DSB factor recruitment and modifications can be observed at the high-dose UVA-induced damage sites, the presence of significant base damage and inconsistent DSB responses distinguish high-dose UVA without sensitization from other laser systems. While a low density of DNA damage induced by UVA with DNA sensitization makes it uniquely suitable for studying IRIF formation, both green and NIR lasers enable efficient detection of the initial recruitment of IRIF-forming factors as well as factors that do not form IRIF and thus are difficult to detect cytologically following conventional DNA damaging methods. Taking advantage of these different laser systems will no doubt further facilitate the molecular understanding of in vivo DNA damage recognition and responses in mammalian cells.
